Abstract. Several proposals to improve the performance controlling a P300-based BCI speller have been studied using the standard row-column presentation (RCP) paradigm. However, this paradigm could not be suitable for those patients with lack of gaze control. To solve that, the rapid serial visual presentation (RSVP) paradigm, which presents the stimuli located in the same position, has been proposed in previous studies. Thus, the aim of the present work is to assess if a stimuli set of pictures that improves the performance in RCP, could also improve the performance in a RSVP paradigm. Six able-bodied participants have controlled four conditions in a calibration task: letters in RCP, pictures in RCP, letters in RSVP and pictures in RSVP. The results showed that pictures in RCP obtained the best accuracy and information transfer rate. The improvement effect given by pictures was greater in the RCP paradigm than in RSVP. Therefore, the improvements reached under RCP may not be directly transferred to the RSVP.
Introduction
Several diseases may provoke deterioration in the motor abilities of affected patients. Some of these diseases, such as the amyotrophic lateral sclerosis (ALS), can cause the locked-in state, in which the patient has his whole body immobilized except for some ocular movements [1] .
Numerous systems, that make use of the motor skills remaining in patients, have been developed to give those patients a communication channel. Some examples are push-buttons or eye-trackers [2] . However, more severe cases of the ALS disease lead to the so-called complete locked-in state, in which there is even no presence of gaze control [3, 4] . In the case of these patients, the communication system cannot be supported by any kind of muscular movements, including eye-gaze. This is when braincomputer interfaces (BCI) come into play. BCI is a type of technology that uses the patient's brain signal to establish a channel of communication between him/her and the device to be controlled [5] . Due to its relatively low cost and adequate temporal resolution, the technology most widely used for recording the brain signal is the electroencephalography (EEG).
Verbal communication is one of the main needs for patients, to the point of being able to take important decisions as receiving life-sustaining treatments [6] . Therefore, it is not surprising that the virtual speller is the application most developed by researchers in the field of BCI. The first BCI speller was proposed in 1988 by Farwell and Donchin [7] . It consisted of a matrix of letters whose rows and columns were flashed at random -it is called row-column presentation (RCP) -while the user had to focus his attention on the target letter. Each time that flashes the row or column which contains the target letter, the user perceives its flash and consequently it is evoked an eventrelated potential (ERP), known as P300, on the user's brain signal. Specifically, the P300 potential is a positive deflection in the voltage of the EEG signal, which is generally registered from the parietal lobe of the cortex and around 300 ms after the presentation of an uncommon target stimulus [8] .
The P300 potential when used in a speller is influenced by numerous parameters, such as the number of elements of the matrix, the stimuli presentation duration or the use of some stimuli over others (see [9] for a detailed review of BCI spellers). In relation to this last parameter, the presented stimuli, it has been shown how the use of symbols of different colors or complex figures, instead of simple letters, can increase performance [10] [11] [12] . However, other paradigms have gone beyond the flashing of the symbol to be selected, and have opted for the superposition of the letters with certain images that increase the amplitude of the P300. To this day, the stimulus with the best results are familiar faces [13, 14] . However, a preliminary study carried out by the research group of the present study -the UMA BCI group -revealed the possibility that a set of varied different pictures (e.g., photographs of things, people or places) as flashing stimuli -a different one for each symbol -could improve the performance compared to the classical paradigm of letters [15] .
It should not be forgotten that the main purpose of these applications is to offer an additional channel of communication to patients with severely impaired motor skills, including the ability of ocular mobility. Therefore, the presentation paradigm is a factor to consider in order to meet the aim of establishing a communication channel for those patients. Currently, the most used presentation paradigm for a speller is the RCP; however, this paradigm requires the user to focus on the target symbol. Consequently, it has been proved that the user's performance is drastically affected when the user cannot focus on the desired symbol [16, 17] . To solve this problem, another kind of presentation paradigm that does not require ocular mobility has been shown. The most developed paradigm for this purpose is the rapid serial visual presentation (RSVP) with the symbols located in the same position (e.g., [17] [18] [19] [20] [21] ).
Despite the fact that the most suitable presentation paradigm for patients could be the RSVP, most of proposals have been developed under the RCP paradigm. Thus, it should be questioned if the findings made in RCP can be applied in RSVP with the stimuli presented in the same position. For example, in RSVP, the stimuli could compete with each other as they all appear in the same position in the screen. While in the RCP paradigm, in the position of the desired symbol, only the stimulus of the corresponding symbol appears. This implicates that the positive deflection of the EEG caused by the non-target stimuli can only occur due to the peripheral vision in RCP, but in RSVP it occurs due to the central vision. On the other hand, the positive deflection of the EEG caused by the target stimuli occurs due to the central vision in both paradigms. Therefore, those stimuli that increase the amplitude of the P300 signal could produce a clear improvement in RCP performance, but not in RSVP.
In short, the aim of the present study is to test two stimuli sets under two different presentation paradigms to assess the differences between conditions. Our hypothesis is that in RCP the benefit of pictures versus letters will be much greater than in the RSVP paradigm.
Method

Participants
The experiment involved six able-bodied participants (aged 27.17 ± 6.04, 3 females) who had normal or corrected-to-normal vision. Three subjects had previous experience controlling BCI systems and the other three did not. The study was approved by the Ethics Committee of the University of Malaga and met the ethical standards of the Helsinki Declaration. According to self-reports, none of the participants had any history of neurological or psychiatric illness or were taking any medication regularly.
Data acquisition and signal processing
The EEG was recorded at a sample rate of 250 Hz using the electrode positions: Fz, Cz, Pz, Oz, P3, P4, PO7 and PO8, according to the 10/20 international system. All channels were referenced to TP8 and grounded to position AFz. Signals were amplified by an acti-CHamp amplifier (Brain Products GmbH, Munich, Germany). Neither online nor offline artifact detection techniques were employed. All aspects of EEG data collection and processing were controlled by the BCI2000 system [22] . A Stepwise Linear Discriminant Analysis (SWLDA) of the EEG data was performed to obtain the weights for the P300 classifier and calculate the accuracy. The software used to design the interface was developed by the UMA-BCI group from the University of Malaga. This software is named UMA-BCI Speller, and serves as a friendly front-end of BCI2000.
The spelling conditions
The present work employed four conditions, based on the combination of two paradigms (RCP and RSVP) and two sets of stimuli (letters versus pictures) (figure 1). The only difference between the compared conditions was the employed presentation paradigm and flashing stimuli for each condition. Thus, the four presented conditions were: i) letters in RCP (L-RCP), ii) pictures in RCP (P-RCP), iii) letters in RSVP (L-RSVP), and iv) pictures in RSVP (P-RSVP) (figure 1). The font used for letters was arial bold in capital letters. On the one hand, the RCP conditions (2 × 3 matrix size) were initially based on the previously mentioned paradigm of [7] . On the other hand, for the RSVP, only the flashing stimuli were presented, placed in the middle of the screen. Letters had a size around 3 cm × 3.5 cm, depending on the letter. Regarding the pictures, their size was equal to 4.7 cm × 3.5 cm (187 px × 140 px). The conditions were displayed on a 15.6-in (39.6 cm) screen at a distance of 60 cm and at a refresh rate of 60 Hz. For all conditions, a stimulus onset asynchrony (SOA) of 288 ms and an inter-stimulus interval (ISI) of 96 ms were used, so each stimulus was presented for 192 ms. A 3968 ms pause was established between each selection.
Fig. 1.
Size metrics (cm) for all conditions: letters in row-column presentation (L-RCP), pictures in row-column presentation (P-RCP), letters in rapid serial visual presentation (L-RSVP), and pictures in rapid serial visual presentation (P-RSVP). Due to copyright reasons, the condition with pictures has been pixelated.
Regarding the pictures, they were obtained from the International Affective Picture System (IAPS) [23] . Those images with the lowest score in the level of excitation were chosen, and also that filled the proportion of the aforementioned size (i.e., those pictures that filled all the space and did not have black paddings). The specific selected pictures according to the IAPS codification for the matrix in major-row order were: 7175, 7010, 7004, 7031, 7020 and 7110.
Procedure
The experiment was carried out in an isolated room where only the participant was present at the time he/she was performing the task in order to concentrate on it without external distractions. It consisted of only one exercise: a calibration task to adapt the system to the user. There was no writing task in which the user actually controlled the interface. Consequently, the study was performed in one session. An intrasubject, also called repeated measures, design was used, and so all the users went through all the experimental conditions.
The experiment was carried out in 16 blocks of six selections, so each condition was performed in four blocks (i.e., 24 selections per condition). The symbol selection order for each block was A, B, C, D, E and F. The conditions were presented pseudo-randomly to prevent any unwanted effect, such as learning or fatigue, and all conditions were equally distributed. There was a short break between blocks (variable at the request of the user). The number of sequences per run (when the user is selecting one symbol) was equal to 6, so each symbol flashed 12 times in RCP (6 flashes per row and 6 flashes per column) and 6 times in RSVP. The participant was asked to count these flashes in order to keep his/her attention on the task. The writing time for each symbol was 8.54 s in RCP and 10.27 s in RSVP.
Evaluation
Two parameters were used to evaluate the effect of the presentation paradigm and stimuli type on the performance: i) the accuracy of the system classifying the selections (i.e., the number of correctly predicted selections divided by the total number of predicted selections) and ii) the information transfer rate (ITR, bits/min) based on the formula presented in [24] . It should be advised that the pause between selections is not considered to calculate the ITR. In addition, the ERP signal was analyzed in order to observe how the brain signal activity is affected by the application of different sets of stimuli and paradigm. Specifically, the dependent variable employed was the amplitude difference in absolute value between target and no target stimuli signals (µV) from 200 to 600 ms. Due to the small sample size, non-parametric analyses were carried out. Initially, a Freidman's test was performed to find differences between conditions. Then, multiple Wilcoxon signed-rank tests were carried out in order to find those specific differences between conditions. Due to the preliminary nature of the present study, no correction method was applied for multiple comparisons. The obtained conclusions should be considered carefully, so more tests will be necessary to replicate the results and avoid type I error. Figure 2 visually shows how the accuracy of the different conditions become similar as the sequences increase. In general, all conditions offered good results in accuracy. However, it should be noted that, despite there being no significant differences, the P-RCP condition obtained 100% accuracy for all participants from sequence 2. According to the Friedman's tests, significant differences between conditions were found only in the first sequence (χ 2 (3) = 12.273; p = .007). The specific differences were obtained between P-RCP versus L-RCP (Z = 2.795; p = .005) and versus L-RSVP (Z = -2.795; p = .005), i.e., between the P-RCP and the two conditions with letters. Meanwhile, the P-RSVP did not offer any significant difference, so the effect of pictures in RSVP is not as strong as in RCP. This could guide us in future studies to look for an interaction effect between the presentation paradigm and the stimulus employed.
Results and discussion
Accuracy
Averaging the results of the picture conditions (P-RCP and P-RSVP) versus those of letters (L-RCP and L-RSVP), it was obtained that in sequence 1 the picture conditions obtained a better accuracy (Z = 2.201; p = .028). However, this effect was already lost from sequence 2. On the other hand, in reference to the averaging of conditions under RCP (L-RCP and P-RCP) and RSVP (L-RSVP and P-RSVP) paradigms, no significant differences between presentation paradigms were found, in any sequence. Nevertheless, in spite of not having found a significant effect between RCP and RSVP, in the visual analysis of figure 2 a trend can be observed in the first sequence according to which the benefit of applying pictures is greater in the RCP paradigm than in RSVP. Figure 3 shows the change of the ITR as the sequences increased. Due to the suitable results in accuracy, all conditions achieved a proper ITR. The superiority of the P-RCP paradigm was shown again, which in this case is further increased due to the trend of the RCP paradigms to offer a higher ITR. This superiority of the RCP paradigms in terms of ITR is observed in the fact that the L-RCP paradigm, although having a similar accuracy to the RSVP paradigms, obtains a higher ITR. According to the Friedman's test, significant differences were found between conditions for every sequence: sequence 1 (χ 2 (3) = 12.966; p = .005), sequence 2 (χ 2 (3) = 10.286; p = .016), sequence 3 (χ 2 (3) = 9.34; p = .025), sequence 4 (χ 2 (3) = 9.462; p = .024), sequence 5 (χ 2 (3) = 17.4; p = .001) and sequence 6 (χ 2 (3) = 17.4; p = .001). Table 1 shows the multiple comparison test between conditions. In the first sequence, significant differences were obtained only for P-RCP compared to the rest of conditions (L-RCP, L-RSVP and P-RSVP). These results showed that the effect of improvement produced by pictures was only observed in RCP, while in RSVP the stimuli used do not influence significant differences in ITR. From sequence 2 both presentation paradigms are dissociated, leading to a complete dissociation in sequences 5 and 6 (figure 3). Note: letters in row-column presentation (L-RCP), pictures in row-column presentation (P-RCP), letters in rapid serial visual presentation (L-RSVP), and pictures in rapid serial visual presentation (P-RSVP). Significant differences between conditions (p < .05) are denoted with a superindex to show which speller average was different to (1 for L-RCP, 2 for P-RCP, 3 for L-RSVP, and 4 for P-RSVP).
Information transfer rate (ITR)
In reference to the average of the conditions relative to the stimuli of letters and pictures, the picture conditions only offered a higher ITR versus the letters conditions in the first sequence (Z = 2.201; p = .028). However, the effect of the presentation paradigm was found in all sequences: sequence 1 (Z = -1.992, p = .046), sequence 2 (Z = -2.201; p = .028), sequence 3 (Z = -2.201; p = .028), sequence 4 (Z = -2.207; p = .027), sequence 5 (Z = -2.226; p = .026) and sequence 6 (Z = -2.264; p = .024). These results corroborate what was previously declared in [9] , according to which the paradigm RSVP trends to offer a lower ITR than RCP. In this case, this difference is especially notable since the accuracy obtained has been suitable, as most of participants needed just a few sequences to reach 100% accuracy with the four conditions. The ITR has been exclusively dependent on the presentation speed of the stimuli. Perhaps, this ceiling effect for accuracy should be avoided by applying even faster presentation times.
3.3
Event-related potential (ERP) waveform Figure 4 shows the average amplitude of the EEG signal for each condition, electrode and stimuli (target or non-target). However, as it was previously explained, the dependent variable used for next analysis was the amplitude difference in absolute value between target and non-target stimuli (µV). According to the Friedman's test, significant differences were obtained in amplitude differences for the next electrodes: Cz (χ 2 (3) = 8.6; p = .035), Pz (χ 2 (3) = 11; p = .012), Oz (χ 2 (3) = 10; p = .019) and P4 (χ 2 (3) = 15; p = .002). Electrodes Fz, P3, PO7 and PO8 did not offer any significant differences. Table 2 shows the multiple comparison test between conditions. Note: letters in row-column presentation (L-RCP), pictures in row-column presentation (P-RCP), letters in rapid serial visual presentation (L-RSVP), and pictures in rapid serial visual presentation (P-RSVP). Significant differences between conditions (p < .05) are denoted with a superindex to show which speller average was different to (1 for L-RCP, 2 for P-RCP, 3 for L-RSVP, and 4 for P-RSVP).
As for the previous variables, it has been decided to perform the average amplitude difference in relation to the stimulus and presentation paradigm factors. On the one hand, for the averaging of the stimuli, it was obtained that the picture conditions presented a higher amplitude difference for the following positions: Oz (Z = 2.201, p = .028), P4 (Z = 2.201, p = .028), PO7 (Z = 1.992, p = .046) and PO8 (Z = 1.992, p = .046). On the other hand, contrary to what was expected, the different Wilcoxon signedrank test did not offer significant differences by averaging the conditions according to the paradigm of the stimuli presentation.
An interesting point of figure 4 is that in the channels Fz and Cz for the conditions L-RCP, L-RSVP and P-RSVP, the peak of amplitude difference between target and non-target (around 200-400 ms) showed a higher amplitude for the target. However, for the P-RCP condition, the opposite effect is observed: clearly smaller amplitude of the target versus the non-target. This effect has not been previously reported in other work and, thus, it should be specifically studied in future works.
Conclusions
The general trend of the present work has been to show the P-RCP as the condition with the best performance. Otherwise, the other conditions were fairly even. While differences in performance between the RCP conditions have been found, the conditions under RSVP paradigm always obtained non-significant results between them. In fact, L-RSVP and P-RSVP offered similar results from the second sequence.
Despite the fact that the P-RCP condition has shown the best performance, it must be remembered that the study has been carried out under an overt attention condition, i.e., users could move their eyes unrestrictedly. As we said in the introduction, the ocular mobility is a capacity that is not present in severely affected patients.
As future proposals related to this work, it should be considered to replicate these results with a larger sample size in order to obtain more reliable results and be able to perform the appropriate statistical analyses. Likewise, it would be convenient to test these results in an online writing session, since this would be the real experience of controlling a BCI speller. On the other hand, it would also be interesting to employ a broader approach when evaluating the different conditions, such as the usability construct defined by [25] .
In short, the present preliminary study has found that the effect of the pictures depends on the presentation paradigm used. These results show that the contributions made in RCP -the paradigm most used today -should not be directly considered as valid in RSVP without testing them.
